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RNA–protein complexesuires coordinated control of ATP mRNA translation; this may e.g. occur through
the formation of mRNA–protein complexes. In this study we aim to identify sequences in the 3'UTR of the
β-subunit F1-ATPase mRNA necessary for RNA–protein complex formation. We examined the interaction
between a brain cytoplasmic protein extract and in vitro-synthesized β-subunit 3'UTR probes containing
successive accumulative 5'- and 3'-deletions, as well as single subregion deletions, with or without poly(A)
tail. Using electrophoretic mobility shift assays we found that two major RNA–protein complexes (here
called RPC1 and RPC2) were formed with the full-length 3'UTR. The RPC2 complex formation was fully
dependent on the presence of both the poly(A) tail and one subregion directly adjacent to it. For RPC1
complex formation, a 3'UTR sequence stretch (experimentally divided into three subregions) adjacent to
but not including the poly(A) tail was necessary. This sequence stretch includes a conserved 40-nucleotide
region that, according to the structure prediction program mfold, is able to fold into a characteristic stem–
loop structure. Since the formation of the RPC1 complex was not dependent on a conventional sequence
motif in the 3'UTR of the β-subunit mRNA but rather on the presence of the predicted stem–loop-forming
region as such, we hypothetize that this RNA region, by forming a stem–loop in the 3'UTR β-subunit
mRNA, is necessary for formation of the RNA–protein complex.
© 2008  Elsevier B.V. All rights reserved.1. Introduction
The ATP synthase, or F1F0-ATPase, is a membrane-bound enzy-
matic complex found in mitochondria, chloroplasts and bacteria. The
most extensively studied mitochondrial F1F0-ATPase [1–3], isolated
from bovine heart, contains 15 different subunits (16 including the
endogenous inhibitor IF1) and has a molecular mass of about 600 kDa
[4,5]. The majority of the F0F1-ATPase subunits are encoded in the
nucleus and only two are encoded in the mitochondrial genome [6]. A
question of great interest has been how cells coordinately change the
level of the expressed subunits to regulate the level of the F0F1-ATPase
in response to various energetic needs, including stages of develop-, 3'untranslated region; PCR,
DTT, dithiothreitol
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as well as adjusting it to the energetic needs of different tissues [7–9].
For some subunits studied, such as theα-(F1 complex) and c-subunit
(F0 complex), transcriptional control of gene expression has been shown
[10–15]. For others, such as theβ-subunit (F1 complex), a combination of
transcriptional andpost-transcriptional control seems to deﬁne theﬁnal
amount of the protein that is incorporated into an active F0F1-ATPase
enzyme [16–19].
We have earlier characterized a very intricate regulation of ATP-
synthase assembly in brown adipose tissue. In this tissue, at the mRNA
level there is a very high level of expression of all ATPase subunit —
except for that coding for subunit c [15]. The level of subunit c mRNA is
the limiting factor for the total amountofATP synthase, because targeted
transgenic overexpression of subunit c mRNA in the brown adipose
tissue of mice resulted in a proportional increase in the amount of the
entire ATPase complex, and this complex is fully functional both as an
ATPase and as an ATP synthase [20]. In unpublished experiments we
have observed that the presence of the “excess”mRNA that codes for all
other subunits apparently does not lead to the formation of
unassembled protein subcomplexes. A reasonable implication of this is
that the translation of these mRNAs must be regulated.
Such post-transcriptional regulation of mRNA translation (mainly
through mRNA localization, stability and translation efﬁciency) may
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acting factors), found in the 3' and 5' untranslated regions (UTRs) as
well as within the coding region of the mRNA, and proteins that are
able to recognize these motifs and bind to them (trans-acting factors),
as shown in different systems [21–32].
Given the possibility that such protein/mRNA interactionsmay also
occur and be of signiﬁcance for the post-transcriptional regulation of
mRNAs coding for the different ATPase subunits in different tissues
[16–19], we have earlier studied binding of proteins from a
cytoplasmic extract to the 3'UTR of the F1-ATPase β-subunit mRNA
[33]. There are several reasons to choose this interaction for further
studies. One is that the turnover (halﬂife) of F1-ATPase β-subunit
mRNA differs markedly between different tissues, and this difference
is not simply a reﬂection of different turnover rates in general for all
proteins within the Oxphos system, but seems to be selective [34].
This implies that speciﬁc regulatory factors (proteins) may exist.
Secondly, we found that a characteristic binding pattern could be
identiﬁed between the 3'UTR of the F1-ATPase β-subunit mRNA and
cytosolic protein extracts from a series of different tissues, but the
intensity of the bands differed markedly in the different tissues [33],
implying that the binding activity (protein(s)) are differently
expressed and thus may inﬂuence the mRNA differently in the
different tissues. One of the tissues with the highest binding activity
was brain, and we have therefore chosen to use a brain cytosolic
extract for further studies. A third reason was that the interaction
between the 3'UTR of the F1-ATPase β-subunit mRNA and the binding
factors (proteins) was speciﬁc in the way that mRNAs coding for other
proteins were unable to compete competently for the binding activity
[33].
However, we have not until now been able to identify the
sequences/motifs in the 3'UTR of the F1-ATPase β-subunit mRNA
that confer to this mRNA the ability to interact with the relevant
proteins. Thus, to identify such sequences/motifs in the mRNAwas the
purpose of the present study.
We have therefore used a series of deletions within the 3'UTR of
the β-subunit mRNA to generate mRNA probes to specify in greater
detail the mRNA regions of the 3'UTR that are responsible for
interaction with the cytoplasmic proteins. We used successive
accumulative 5'- and 3'-deletions as well as single subregion
deletions. We found that some of these deletions fully disabled the
formation of the protein/mRNA complexes. Notably, all the deletions
that had lost binding capacity had also lost the ability to form a stem–
loop structure at nucleotides 1705–1744, according to the structure
prediction program mfold. We hypothesize that this putative stem–
loop in the 3'UTR of the β-subunit mRNA mediates the formation of
the mRNA–protein complex.
This observation opens for detailed studies characterizing the
protein(s) interacting withmRNA, the effect of the complex formed on
mRNA translation efﬁciency, and tissue speciﬁcity of complex
formation.
2. Materials and methods
2.1. Preparation of plasmid constructs
Multiple constructs of mouse F1-ATPase β-subunit cDNA were obtained as follows.
The construct U•pA (see Fig. 1), inserted into MCS pBluescript SK+ (pBS, Stratagene),
was the one cloned in [33]. Nested deletions of the U•pA construct were introduced by
PCR reactions on the template of the U•pA-pBS plasmid using several strategies. One
strategy, which was used for the generation of most of the constructs, consisted of using
different pairs of primers (see Table 1 for primer composition) that were designed to
surround the region to be deleted and were directed inversely to each other. PCR was
performed using standard conditions (1 min at 92 °C, 1 min at 54–59 °C and 4 min at
72 °C, 30–33 cycles, and additional elongation 4 min at 72 °C). The generated PCR
products (~3 kb) were subsequently treated with Sph I restriction enzyme (Invitrogen),
the site of which was included into the design of the 5' end of the primers, and
subjected to self-ligation. A drawback of this strategy was that the 5' end of the cDNA
construct included 51 nucleotides of the plasmid, situated between the T7 promoter
and the construct start site (see Fig. 1B) that was then unavoidably included into theRNA probe after in vitro transcription. Another strategy was to include into the design of
the 5' end of the primer a site for a T7 RNA polymerase, which allowed use of a PCR
product directly as a template for in vitro transcription. PCR was performed using
standard conditions (1 min at 93 °C, 1 min at 63 °C and for 30 s at 72 °C, 25 cycles,
additional elongation 1 min at 72 °C). This method allowed us to exclude the plasmid
sequence between the T7 promoter and the construct start site. Constructs UΔ(edc)•pA
(T71713F, pB3Not) and UΔ(ed) (T71693F, 1762R) were prepared using this strategy (see
Table 1 for primer composition). All generated constructs were veriﬁed by sequencing.
2.2. Preparation of S130 extract
4–5 weeks old male NMRI mice were maintained at +4 °C prior to sacriﬁce. Freshly
isolated brain tissuewas used to prepare the S130 cytoplasmic extract according to [35].
In brief, brain tissue was homogenized in buffer A (10 mM Tris–HCl, pH 7.6, 1.5 mMMg
acetate, 100 mM K acetate, 2 mM DTT) with Complete®-mini inhibitor of proteases
(Roche) with a tight-ﬁtting Teﬂon pestle homogenizer. The crude lysatewas centrifuged
at 12000 g for 10 min at +4 °C to remove nuclei and mitochondria. The supernatant was
layered over a 30% sucrose cushion in buffer A with protease inhibitors (Complete®-
mini, Roche) and centrifuged at 130000 g for 2.5 h at +4 °C. The high-speed supernatant
(S130) was removed without disturbing the sucrose interface and was stored at −80 °C
in small aliquots. Protein concentrations were determined with the Bradford protein
assay (BioRad).
2.3. In vitro transcription
In vitro transcription was performed according to the MAXIscript T7 Transcription
Kit (Ambion). In brief, 1 μg of the plasmid, linearized with the restriction enzyme Not I
(Invitrogen), or the PCR product, was incubated for 2 h at 37 °C in the reaction mixture
for T7 polymerase, which included 0.5mMunlabeled nucleotides ATP, GTP and UTP, and
40 μM unlabeled CTP and 1.25 μM P32-labeled CTP (Amersham Biosciences) (if GTP was
used as a labeled nucleotide, the concentrations of unlabeled GTP and P32-labeled GTP
were also 40 μM and 1.25 μM, correspondingly). After incubation, 2 U of DNase I was
added to the reactionwhich was then incubated for 15min at 37 °C. To stop the reaction,
0.5 M EDTA (pH 8.0) was added and the samples were boiled for 5min in 1x Gel Loading
Buffer II (Ambion). To purify full-length probes, RNA samples were loaded on 5% 7 M
urea-TBE polyacrylamide gel and run in 1x TBE buffer at room temperature. Labeled
RNA bands were visualized by exposing the gel to X-ray ﬁlm; full-length RNA probes
were excised from the gel and eluted overnight in elution buffer (0.75 M NH4 acetate,
0.1% SDS, 10 mMMg acetate, 0.1 mM EDTA, 10 mg/ml tRNA). RNAwas precipitated with
ethanol; the dried pellet was diluted in water and stored at −80 °C. The amount of each
probewas calculated using cpm counts in aliquots of RNA sample taken before and after
the gel puriﬁcation.
2.4. Gel mobility shift assay
5–10 μg of cytoplasmic extract (S130) in assay buffer were incubated with 3 fmol of
32P-labeled RNA probe for 15 min on ice, then treated with 10 U of RNase T1 (Roche) for
5 min (if not otherwise indicated), followed by incubation with 10 U of heparin (Sigma)
for 5 min. Various RNase T1 concentrations per reaction were tested to assure
generation of discrete, observable RNA–protein complexes; optimized concentration
(10 U/reaction) was used in all experiments shown below. RNA–protein complexes
were resolved in 5% native polyacrylamide gel in 0.5x TBE buffer at +4 °C. Gels were
dried and exposed to a PhosphoImager screen and analyzed with an radioisotope
imaging system (FLA-3000, FujiFilm). All the gels shown in ﬁgures are representative of
four or more similar experiments.
2.5. Prediction of mRNA secondary structures
The mRNA-folding prediction program mfold (http://www.bioinfo.rpi.edu/~zukerm/
rna/) was used to generate predicted thermodynamically stable secondary structures of
the constructs (default folding parameters were used). For eachmRNA construct, a limited
number (2–6) of possible structures was predicted by the program; the structure that was
chosen for the ﬁgureswas thatwhich had the lowest free energy. The results for themajor
construct U•pA were re-examined using another RNA-folding program (default folding
parameters were used), ViennaRNA, (http://www.tbi.univie.ac.at/~ivo/RNA/), with iden-
tical folding outcome for the predicted stem–loop structure (not shown).
2.6. Bioinformatics
For the search of similar sequences in different groups of organisms, the nucleotide–
nucleotide BLAST program was used (blastn) with default parameters. RefSeq RNA
database was preferably used for the search when provided. If RNA sequences were not
available for the search (mainly plants and fungi), the DNA database was used.
3. Results
We have earlier studied the mRNA of the F1-ATPase β-subunit with
respect to protein binding with cytosolic extracts from various mouse
tissues [33]. As was shown previously [33], the construct referred to in
Fig. 1. Sequence and structure of the 3'UTRof the F1-ATPaseβ-subunitmRNA.A: Schematic drawingof the full-lengthβ-subunit F1-ATPasemRNA.Grey boxdesignates the coding region; 5'
and 3'UTR are indicatedwith lines. The sequence of the full-length3'UTR is shown.Apartof the 3'UTR, here calledU•pA,wasdivided into regions; the start of each region isdesignatedwith
a letter from e to a; in the box are the nucleotides that constitute the putative 1705–1744 stem–loop structure region (see B, C). The stop codon is highlighted, the polyadenylation signal
sequence is underlined. B: ThemRNAstructure predictionprogrammfoldwasused to generate several variants of predicted secondary structures of the probeU•pA; thepredicted structure
with the lowest free energy for folding is shown here. The 1705–1744 stem–loop region is highlighted; the plasmid sequence (nucleotides 1–51) preceding themRNA probe (seeMaterials
and methods) is indicated with arrows. C: The 1705–1744 stem–loop region is presented in a more detailed view in its predicted stem–loop structure.
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the 3'UTR of the β-subunit F1-ATPase mRNA and a 30 nucleotide-long
poly(A) tail, was able to provide all the information required for
formation of the characteristic RNA–protein complexes in vitro. That a
protein componentwas present in the complexes was conﬁrmed by the
sensitivity of the generated complexes to proteinase K treatment and by
cross-linking studies, and the speciﬁcity of the protein interaction with
the 3'UTR of the β-subunit F1-ATPase was shown by using homologous
and heterologous competitor probes [33]. Here we use the U•pA as the
starting construct for identiﬁcation of the sequences/motifs conferring
the protein binding ability to the mRNA. For this we ﬁrst analyzed its
structure as predicted by RNA-folding programs.
3.1. Prediction of β-subunit F1-ATPase 3'UTR structure
It is known that regulatory proteins recognize and bind not only to
speciﬁc signals present in a sequence of mRNA but also to secondarystructures, such as stem–loops. The majority of such regulatory
structures are found in 5' and 3'UTRs of mRNAs. Through protein
interactions these regulatory structuresmediate the fate ofmRNAafter
transcription [25,36–38]. To analyze the F1-ATPase β-subunit mRNA
for the presence of possible stem–loops in the 3'UTR, we used an RNA-
folding prediction program mfold (see Materials and methods). In the
four possible structures suggested by mfold for the probe U•pA, one
notable feature was apparent: the last third of the 3'UTR invariably
folded into a characteristic stem–loop structure. The four folding
variants thus differed only in the regions upstream of the 1705
nucleotide. The predicted stem–loop consisted of a 40 nucleotide-long
sequence stretch (from bases 1705 to 1744 in Fig. 1A); we therefore
named it “the 1705–1744 stem–loop region”. We emphasize that the
actual formation of the stem–loop cannot be shown through predic-
tion programs alone and thus the name “the 1705–1744 stem–loop
region” refers to an identiﬁcation of an mRNA region rather than a
structure as such.
Fig. 2. Formation of RNA–protein complexes. Gel mobility shift assay of brain S130
protein extract with the probe U•pA. Lane 1 shows migration of the full-length probe
U•pA; lane 2: probe U•pA incubated with S130 protein extract; lane 3: probe U•pA
incubated with protein extract and thereafter treated with RNase T1; lane 4: probe
U•pA incubatedwith RNase T1 in the absence of the S130 protein extract. Closed arrows
show positions of the RNA–protein complexes 1 and 2 (RPC1, RPC2); open arrow
indicates the position of the full-length U•pA RNA probe interacting with proteins but
not digested with RNase T1 (lanes 2, 3). Star indicates the position of the full-length
U•pA RNA probe in lanes 1 and 4.
Table 1
Design of the primers used for generation of F1-ATPase β-subunit 3'UTR constructs by
PCR
Primer Sequence
PB3Not 5'-CCACCGCGGTGGCGGCCGC-3'
T71693F 5'-GTTAATACGACTCACTATAGGGAGCCTTGATTGAAGATG-3'
T71713F 5'-ACTAATACGACTCACTATAGGATGTTCTCTCTGAAGAG-3'
1762R 5'-ACACAGCATGCGAGGGGTATATACTTTATTG-3'
1659R 5'-AAC CGCATGCCT CGC TTG ATA TGG AAA G-3'
1674R 5'-CCTGGCATGCAGGAAACCTGAGCT-3'
1683F 5'-CTTCCGCATGCGCCACACAAGAGCCT-3'
1699F 5'-ACAAGCATGCTGATTGAAGATGTGA-3'
1693R 5'-ATCAGCATGCTTGTGTGGCCTGCAT-3'
1713R 5'-AGAGGCATGCTCACATCTTCAATCA-3'
1716F 5'-GATGCATGCTTCTCTCTGAAGAGTATTT-3'
1736R 5'-ATTGGCATGCCTAAATACTCTTCAG-3'
1739F 5'-GTATGCATGCTTTTCAATAAAGTATA-3'
1760F 5'-GTATAGCATGCTCAAAAAAAAAAAAAAA-3'
1762R 5'-ACACAGCATGCGAGGGGTATATACTTTATTG-3'
KS-R 5'-ACACAGCATGCCGATACCGTCGACCTCG-3'
1792R 5'-ACACAGCATGCGCGGCCGCCACCGCGGTGGAG-3'
In bold letters are highlighted the speciﬁc sequences: GCGGCCGC (restriction enzyme
Not I-speciﬁc site); (T)AATACGACTCACTATAG(G) (T7 RNA polymerase promoter);
GCATGC (restriction enzyme Sph I-speciﬁc site).
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is shown. The predicted 1705–1744 stem–loop is highlighted and it is
presented in a more detailed view in Fig. 1C. As seen, the loop which
consists of 6 nucleotides has the required length (between 4 and 8
nucleotides) for optimal loop formation. The possible role of the 1705–
1744 stem–loop region in relation to protein complex formation is
analyzed experimentally in this investigation.
For this, we use electrophoretic mobility shift assays to analyze the
interaction of the cytosolic extract with the intact probe and then
through deletions determine what sequence is required for the
formation of the complexes. We concurrently examine whether the
ability to form the complexes correlates with the stem–loop structure
being predicted to exist or not.
3.2. S130 proteins form several complexes with β-subunit mRNA
We ﬁrst analyzed the characteristics of the interaction of the RNA
probeU•pAwith the S130protein extract underdifferent experimental
conditions (Fig. 2). We chose not to use cross-linking conditions as this
may stabilise RNA–protein interactions that are comparatively weak—
but it must be acknowledged that the non-cross-linked EMSA
technique inevitably results in gels demonstrating less sharp bands
than would be the case with cross-linking techniques.
Lane 1 shows the migration of the U•pA RNA probe in the absence
of protein extract. Two bands were visible, with faster and slower
migration rates. The fast-migrating band (⁎) represents the full-length
RNA probe; the slow-migrating band is presumably full-length RNA
with altered secondary structure or in duplex. Lane 2 shows the result
of incubation of the RNA probe with the S130 protein extract. Clearly
an RNA–protein complex was formed, visible in the upper part of lane
2 as a major shift (open arrow). Another band, migrating at a fast rate,
represents the full-length probe as in lane 1 (⁎). To investigate if one or
several protein complexes were formed on the RNA, the U•pA RNA
probe was treated with RNase T1 after incubation with the protein
extract (lane 3). As a result of the RNase T1 digestion, the U•pA RNA
sequence regions that did not interact with protein were cut. Two
major bands, representing mRNA sequences that were protected from
digestion by interaction with proteins are visible (closed arrows),
designated in Fig. 2 as complexes RPC1 and RPC2 (RNA–protein
complex 1 and 2). The full-length U•pA RNA–protein complex was
also diffusely visible in the upper part of the gel (as in lane 2). It could
be noted that the full-length U•pA RNA probe alone and the RPC2
appear to have equal mobility on this gel, which may raise thequestion whether the full-length U•pA RNA and RPC2 are identical.
However, in experiments that are shown below, we used constructs
with different lengths, and these constructs, when not treated with
the RNase T1 and without protein extract added, migrated at different
rates according to their size (not shown). Nevertheless they all
demonstrated the presence of the RPC2 complex (see below), which
migrated at the same rate as on Fig. 2, indicating that the band RPC2
does not represent the migration of full-length probe.
Since the RNase T1 digestion of the U•pA RNA facilitated the
distinction of different RNA–protein complexes, we have used the
RNase T1 treatment for all the other RNA probes that are described in
the following ﬁgures.
In lane 4, the result of digestion of the native RNA probe by
RNase T1 is shown. Some residual full-length RNA probe is seen that
migrated at the same rate as in lane 1.
3.3. Involvement of different 3'UTR sequences in interaction with the
proteins
In order to identify the sequences necessary for the formation of
the complexes, we made constructs consisting of three series of
deletions: successive accumulative 5' deletions of subregions, single
subregion deletions, successive accumulative 3' deletions. Based on
the outcome of this, we made minimal constructs that would contain
the ability to demonstrate optimal complex formation.
3.4. Effect of accumulative successive 5'-deletions on complex formation
To investigate the involvement of speciﬁc regions of the 3'-end of
the F1-ATPase β-subunit mRNA in the formation of the RPC1 and RPC2
complexes, deletions were introduced into the U•pA cDNA. The U•pA
construct (103 nucleotides) was arbitrarily divided into six regions
(labeled a to e plus the poly(A) region in Fig. 1A). These sequence
regions were successively deleted from the U•pA construct and the
generated truncated mRNA probes (Fig. 3A) were analyzed for their
ability to form complexes with the cytosolic proteins (Fig. 3B). All
statements below refer to the outcome of four or more reactions for a
given construct, and representative gels are shown.
The U•pA probe showed again the formation of the two major
complexes (Fig. 3B, lane 1). Deletion of either e or d regions did not
have any prominent effect on the formation of either complex (lanes 2
and 3). However, the ability to form RNA–protein complex 1 (RPC1)
Fig. 3. Effect of sequential 5'-directed deletions in the 3'UTR on the formation of the RPC1 and RPC2. A: Schematic drawing of the cDNA constructs with deletions that are shownwith
a blank space. The length of the poly(A) tail is 30 nucleotides. The poly(A) probe consists of 30 adenosine residues plus the upstream plasmid sequence as described in Materials and
methods. B: Gel mobility shift assay of brain S130 protein extract with the indicated mRNA probes. Arrows show positions of RNA–protein complexes 1 and 2 (RPC1 and RPC2).
C: Predicted secondary structures of the mRNA constructs shown on this picture; where present, the predicted 1705–1744 stem–loop structure is highlighted (where not highlighted,
it was not found in any of the folding variants suggested by themfold program); the 3'-end of each structure is indicated with (•). The construct UΔ(edc)•pA has only partly formed
the stem–loop. The structures were calculated with the plasmid sequence that is present at the 5' end of the mRNA constructs included (the construct shown in lane 4 does not
include the plasmid sequence, see Materials and methods).
751T.V. Kramarova et al. / Biochimica et Biophysica Acta 1777 (2008) 747–757diminished when the sequence region c was removed from the
constructs, as seen from a comparison of lanes 1–3 (probes U•pA,
UΔ(e)•pA, UΔ(ed)•pA) with lane 4 (probe UΔ(edc)•pA). The RPC1
disappeared fullywhen also regions b and subsequently awere deleted
(probes UΔ(edcb)•pA and pA, lanes 5, 6). Some bands,migrating above
the RPC2, can be detected in the probe UΔ(edcb)•pA, which could be
due to the change in the secondary structure as a result of the deletion
of the stem–loop region.
It can be seen that the formation of the RPC2 was not affected in
any of these constructs, with the exception of the pA construct. RPC2
will be discussed in more detail later.
We then analyzed the secondary structures of all mRNA probes in
this ﬁgure (Fig. 3C) using the structure prediction program mfold. For
each probe themfold program suggested at least 4 different structures,
but all structures were identical concerning the presence or absence of
the suggested stem–loop structure. The full-length U•pA probe, as
well as probes UΔ(e)•pA and UΔ(ed)•pA, had the predicted 1705–
1744 stem–loop structure in the 3'UTR. However, with the extension
of the deletion further to region c, the stem–loop was only partly
formed (probe UΔ(edc)•pA). The 1705–1744 stem–loop was not
formed at all in probes UΔ(edcb)•pA and pA. As the presence of the
predicted 1705–1744 stem–loop structure seemed to parallel the
formation of RPC1, it is tempting to speculate that the structure itself
could be important for the recognition of the 3'UTR of β-subunit
mRNA by proteins present in the S130 extract, but evidently the
experiments only demonstrate that the region is important and
cannot demonstrate the formation of the actual stem–loop structure.3.5. Effect of single subregion deletions on complex formation
To investigate whether we see the result of proteins recognizing
the entire stem–loop region or whether sequence-speciﬁc recognition
within the putative stem–loop region is involved, we tested different
β-subunit mRNA constructs that had single subregion deletions
introduced in the U•pA construct (Fig. 4A).
We ﬁrst checked whether the plasmid sequence, present at the 5'
end of most probes (see Materials and methods and Fig. 1B) could
participate in the interaction with the proteins. We thus tested the
RNA probe containing only this plasmid sequence (Fig. 4B, lane 9). As
seen, no RPC1 or RPC2 were present in this lane, conﬁrming the
speciﬁcity and the biological relevance of the protein complexes
formed.
As seen from lanes 1, 2 and 7, deletion of regions e and ed again did
not affect RPC1 formation (lane 8), being in agreementwith the results
shown on Fig. 3 for these constructs. Deletion of region d alone did not
have a pronounced effect on RPC1 formation (lane 6). However, in
constructs lacking not only d but also c, b and a sequence regions, no
occurrence of RPC1was seen (probes UΔ(dcb)•pA (results not shown),
UΔ(dcba)•pA (lane 4)). Noteworthy is also that the deletion of either
the region c alone (probe UΔ(c)•pA, lane 5) or the b region alone
(probe UΔ(b)•pA, lane 3) did not allow formation of the RPC1. In
Fig. 5B, lane 4, it is seen that the lack of the a region alone also
prevented the formation of the RPC1.
As seen from Fig. 4C, all constructs that did not allow formation of
the RPC1, according to the structure prediction programmfold lack the
Fig. 4. Effect of single-region deletions of the 3'UTR on the formation of the RPC1 and RPC2. A: Schematic drawing of the cDNA constructs with deletions, their corresponding names
indicated on the left; deleted regions are shown with a blank space or with dashed lines. B: Gel mobility shift assay of brain S130 protein extract with the different mRNA probes.
Arrows show positions of RNA–protein complexes 1 and 2; lane 9: plasmid sequence, included at 5' end of most of the mRNA probes; in lane 7 the probe CUΔ(e)•pA has an additional
78 nucleotides that also include part of coding region at its 5' end. In lane 6, the RPC2 is present (although weak here); its presence was conﬁrmed in 3 independent experiments.
C: Predicted secondary structures of the mRNA probes shown in this ﬁgure; where present, the predicted 1705–1744 stem–loop structure is highlighted; the 3'-end of each structure
is indicated with (•). ⁎Probe UΔ(dcb)•pA is not shown on the gel, see text.
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single subregion deletions but still contained two out of the three
sequence regions that are involved in the formation of the 1705–1744
stem–loop (i.e., a, b and c), were unable to support the formation of
RPC1. These results are thus in agreement with the suggestion that for
protein recognition of the 3'UTR of the β-subunit mRNA, the predicted
secondary structure of the mRNA is important, whereas a speciﬁc
nucleotide sequencewithin the stem–loop region (or elsewhere in the
3'UTR), which could be recognized by the binding proteins, does not
seem to be present.
3.6. Effect of successive 3'-deletions on complex formation
To analyze the signiﬁcance of the poly(A) tail in mediating the
formation of the RNA–protein complexes, we analyzed a set of
constructs that lacked the poly(A) tail as well as one or several 3'UTR
sequences (Fig. 5). The e region in itself did not support the formation of
any complex, nor could the ed or edc (Fig. 5B, lanes 1–3). If the poly(A)tail was present in the probe, but e–b regions were removed, the RPC1
was not formed (but the RPC2 still was (Fig. 5B, lane 6)).
A probewhich contained the edcb regions (i.e. with deleted poly(A)
tail and region a) still did not show formation of the RPC1 (Fig. 6B,
lane 3). However, the full U probe (without poly(A) tail) (Fig. 6B, lane 2)
allowed the formation of a complex which we consider as equivalent
to RPC1, although it migrated somewhat slower. Such a decrease in
migration rate could be due to changes in RNA secondary structure
(Fig. 6C) that could hide guanine nucleotides from the RNase T1 cut,
whichwould result in an increase in themolecular weight of the RNA–
protein complex.
3.7. An optimal construct
To ﬁrmly establish the connection between RPC1 formation and
the 1705–1744 stem–loop region we made an optimal construct that
would contain only the regions that comprise the stem–loop region
(construct UΔ(ed), Fig. 6 lane 4). We found a pronounced formation of
Fig. 5. Effect of 5'-directed deletions on the formation of the RPC1 and RPC2. A: Schematic drawing of the cDNA constructs with deletions, their corresponding names indicated to the
left; deleted regions are shown with a blank space or with a dashed line. The poly(A) probe consists of 30 adenosine residues plus the upstream plasmid sequence as described in
Materials and methods. B: Gel mobility shift assay of brain S130 protein extract with different mRNA probes. Arrows show positions of RNA–protein complexes 1 and 2; lane 8 is the
negative control, where the plasmid sequence alone (see Fig. 1B) was used as a probe. Note the gel is slightly distorted to the left. C: Secondary structures of the mRNA constructs
shown in this ﬁgure; where present, the 1705–1744 stem–loop structure is highlighted.
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probe U•pA. Since we do not have any double-stranded regions
around the stem–loop in this construct (Fig. 6 C), it is probably so that
it is the presence of the poly(A) tail that normally masks the stem–
loop from additional protein interactions, which in its turn results in a
higher migration rate of the RPC1. We thus conclude that for the
formation of the RPC1, the stem–loop region is essential.
Notably, and in agreement with this interpretation, the re-addition
of poly(A) to the optimal construct UΔ(ed) (Fig. 6, lane 5) resulted in
the full restoration of both RPC1 and RPC2.
3.8. Requisites for the formation of RPC2
In the analysis above, we successively analyzed the results for the
requirements for formation of RPC1. We reanalyze here the results for
information concerning the requirements for formation of RPC2.
Investigating the role of the poly(A) tail in mediating protein
association with the mRNA, we noticed a clear dependence of the
presence of the poly(A) tail for formation of the RPC2 complex.
Deletion of the poly(A) tail from the RNA construct results in
consistent loss of the RPC2 (Fig. 6B, lanes 2–4; Fig. 5B, lanes 1–3). It
should be noted that the probe pA alone (Fig. 3B, lane 6; Fig. 5B, lane 5)
that consisted of 30 adenine nucleotides and the plasmid sequence,showed the formation of two very pronounced complexes that,
however, did not co-migrate with RPC2 or RPC1. Analysis of the pA
probe secondary structure formation by the mfold indicated the
presence of a double-stranded stem (Fig. 3C). A general limitation of
the RNase T1 digestion is that double-stranded regions are less
susceptible to the RNase attack. Therefore, if the full-length pAwas not
digested completely, the probe would still contain the upstream
plasmid sequence, which makes the RNA fragment formed unique as
compared to all other probes analyzed in this study. The presence of
the plasmid stretches in both fragments generated by RNase T1
digestion of the pA probe was later conﬁrmed by RNase T1 mapping
experiments (not shown). Thus, the plasmid sequences upstream to
the poly(A) tail are likely to contribute to the appearance of these two
unique RNA–protein complexes, but as they are not biologically
relevant, their nature has not been further elucidated. It is seen from
Fig. 3 that the RPC2 complex is formed even in the absence of all
sequences except for region a. However, region a alone is not sufﬁcient
for RPC2 formation, as we could see from the complex formation in
Fig. 6, lane 4. In a constructwhere region awas deleted and the poly(A)
tail was directly joined to region b, the RPC2 was also not formed
(Fig. 5B, lane 4). Hence, for the formation of the RPC2, the presence
of both region a and the poly(A) tail is required. A likely possibility
would be that the poly(A)-binding protein I (PABPI) is involved in this
Fig. 6. Effect of poly(A) tail deletion on the formation of RPC1 and RPC2. A: Schematic drawing of the cDNA constructs with deletions, their corresponding names indicated on the left;
deleted regions are shownwith a blank space and regions included are indicated with lines. B: Gel mobility shift assay of brain S130 protein extract with different RNA probes. Arrows
show positions of RNA–protein complexes 1 and 2. C: Predicted mRNA secondary structures with lowest energy; where present, the predicted 1705–1744 stem–loop structure is
highlighted; the 3'-end of each structure is indicated with (•).
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PABPI to bind [39].
4. Discussion
In the present study, we have investigated the structural
determinants that exist in the 3'UTR of the β-subunit F1-ATPase
mRNA and determine its interaction with cytosolic proteins. Two
complexes were identiﬁed, RPC1 (RNA–protein complex 1) and RPC2.
The RPC2 (discussed ﬁrst below) is associatedwith the poly(A) tail and
its adjacent sequence region in the 3'UTR, thus presumably including
poly(A) binding protein I (PABP I) and proteins that could interact with
PABP I [40–43]. However, the RPC1 forms only when the sequence
regions abc in the 3'UTR are present (see the map in Fig. 1A). The RPC1
formation is independent of the presence of the poly(A) tail and
requires only the region corresponding to the secondary structure that
is formed by the abc regions, predicted to lead to the formation of a
stem–loop.
4.1. The nature of the RPC2
We found here that one of the complexes formed, the RPC2, is
associated with binding to the pA part of the mRNA. The RPC2,
however, requires the presence of upstream RNA to be formed. The
RPC2 described here is in this respect similar to the BARB1 RNA–
protein(s) complex described in [33]. However, in that paper it was
concluded that BARB1 binding required pre-formation of another
complex, the BARB2, to occur, but it would now seem that thisconclusion was based largely on the pattern of interaction with one
probe (“G”) in that paper, the sequence of which upon reanalysis
turned out to be erroneous. Investigation of developmental regulation
of the β-subunit F1-ATPase mRNA in rat liver has demonstrated the
importance of the last 26 nucleotides (plus a poly(A) tail (13
adenosines)) of the 3'UTR of rat β-subunit F1-ATPase mRNA for bind-
ing with regulatory proteins found in several tissues and at different
developmental stages [44]. These proteins, named 3'βFBPs, have an
inhibitory effect on translation of the rat β-subunit F1-ATPase mRNA
and are highly expressed in fetal liver and adult kidney and spleen. The
binding of the 3'βFBPs with the rat β-subunit 3'UTR containing the
poly(A) tail and the adjacent region resembles the RPC2 formation
described in the present study. This region lies outside of the RPC1-
forming region boxed in Fig. 7. Thus the RPC1 complex is different
from the 3'βFBP complex, but RPC2 has similarities to the 3'•FBP
complex. However, protein extracts of adult rat brain did not form the
3'βFBP complex with rat β-subunit 3'UTR [44]. This is in contrast to
whatwas demonstrated in the present studywith brain tissue extracts
from adult mouse for formation of the RPC2 complex.
4.2. The nature of RPC1
We present data showing that for the formation of RNA–protein
complex 1 (RPC1), RNA sequences in regions a, b and c were required.
If any of these regions were deleted, no RPC1was formed. The 3'UTR of
the β-subunit F1-ATPase mRNA was analyzed for the presence of
secondary structures by the structure prediction program mfold. It
was found that the regions abc together were predicted to form a
Fig. 7. Multiple sequence alignment (ClustalW) of the 3'UTR of the β-subunit F1-ATPase cDNA of different species. Line 1: human (accession NM_001686), line 2: cow (Bos taurus,
NM_175796), line 3: dog (Canis familiaris, CO713787), line 4: mouse (Mus musculus, NM_016774), line 5: rat (Rattus norvegicus, NM_134364); numbers underneath correspond to the
nucleotide numeration from transcription start. Stop codons and polyadenylation signals are highlighted; (⁎) indicates identical nucleotides in all sequences;(●) indicates the
conserved nucleotides present in human, cow, mouse and rat and absent in dog. The predicted stem-loop region is indicated by an open box.
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Analysis of mRNA folding gave rise to several possible structures for a
given complex-forming construct; however, all of the predicted
structures showed the presence of the stem–loop (if all necessary
regions were in the construct) and only differed from each other in
other regions of the 3'UTR. Constructs that weremfold-predicted to be
unable to form the 1705–1744 stem–loop structure were experimen-
tally unable to form the protein complex.
4.3. In mammals, the 3'UTR of the β-subunit F1-ATPase mRNA contains a
conserved sequence that includes the stem–loop region
We analyzed if the 3'UTR of mouse β-subunit F1-ATPase mRNA
bears any similarity to the 3'UTR of other subunits of the ATP synthase.
A comparison of the 3'UTR sequence of the mouse β-subunit F1-
ATPasemRNA to the same sequence region of themouseα-subunit F1-
ATPase mRNA failed to show any signiﬁcant similarity.
If the stem–loop is of regulatory signiﬁcance, it should be present
within groups of species. We therefore performed an analysis of
β-subunit F1-ATPase mRNA 3'UTR sequence conservation between
different species. The mouse β-subunit mRNA sequence was run for
search of similarities using the BLAST program (genome resources
were accessed and blasted individually for each organism or for
groups of species, as indicated below in brackets). In the coding region
similarities were found in all groups of species analyzed: fungi
(all species present in the database), nematodes (C. elegans), insects
(D. melanogaster), plants (all species present in the database), ﬁsh
(zebraﬁsh), birds (chicken) and mammals (human, chimpanzee, rat,
cow, sheep, dog, pig and cat). However, although 3'UTR sequences are
known for several species and the corresponding genome sequences
are included in the database, similarities in the 3'UTR of the β-subunit
mRNA could only be found in the mammalian group, represented by
human, chimpanzee, rat, cow, sheep and dog sequences. The pig and
cat database resources were apparently not completed by the time of
our analysis; therefore the sequences corresponding to the β-subunitmRNA were represented only by 5'UTR and coding region and these
species could therefore not be included in the analysis.
Thus, seven mammalian organisms (human, chimpanzee, mouse,
rat, cow, sheep and dog) exhibited similarities in their 3'UTR of the
β-subunit mRNA. Alignment of ﬁve representative organisms (Fig. 7)
revealed that the ﬁrst half of the 3'UTR bore very little sequence
similarity between these species. However, the last half (approxi-
mately 94 nucleotides) of the 3'UTR was remarkably conserved. The
evolutionarily conserved area included the 1705–1744 stem–loop
region described above (boxed in Fig. 7). Notably, the mouse and the
rat stem–loop regions were fully identical and thus had similarly
folded predicted structures. The bovine sequence had some nucleo-
tide substitutions in the hairpin region. mfold RNA folding for the
entire 3'UTR of the bovine β-subunit F1-ATPase gave rise to several
possible structures, none of them being similar to mouse and none
bearing the described 1705–1744 stem–loop. However, folding only
the “stem–loop” sequence of the bovine 3'UTR resulted in a similar
structure to the mouse stem–loop. In the stem–loop region, the
3'UTRof theβ-subunit of sheep anddogwere identicalwith the bovine,
thus predicted to fold exactly as the bovine stem–loop. Alignment of
the human and chimpanzee to mouse/rat/bovine 3'UTRs revealed a
3-nucleotide gap and a few nucleotide substitutions in the region
corresponding to the stem–loop. This resulted in different predicted
folding both for the whole 3'UTR and for the “stem–loop” region of the
human β-subunit mRNA. However, the stem–loop region remained the
most conserved region between the human and chimpanzee versus the
other mammalian 3'UTRs.
4.4. Signiﬁcance of putative stem–loop formation
We have described here the potentially signiﬁcant structural
requirements of the RNA for forming the RPC1 complex. It turns out
to be best described as a possible stem–loop structure rather than a
conventional motif as such. A corresponding earlier described
complex, the BARB2 [33], was suggested to be associated with a region
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However, a probe lacking that region (probe CUΔ(e)•pA in Fig. 4) still
demonstrated RPC1 formation. We therefore ﬁnd the stem–loop
forming region discussed here to be the region of interest.
In a recently published study [45], human β-subunit 3'UTR was
used to identify cellular proteins that interact with it and possibly
affect post-transcriptional regulation of the β-subunit mRNA. How-
ever, as is shown in the present study, the predicted folding of the
human (chimpanzee) β-subunit 3'UTR lacks the stem–loop structure,
and the possible mode of regulation in primates therefore could be
expected to be different from the rest of the mammalian organisms.
Indeed the presumable region of importance for RNA–protein inter-
action in the human β-subunit 3'UTR described in [45] lies down-
stream of the stem–loop region described here.
The possibility that stem–loops in the 3'UTRmay be involved in the
formation of complexes (and have a functional role in RNA post-
transcriptional regulation) has been described for viral systems [46–
50] and for eukaryotic RNAs (for review, see [51]). The three best
described examples of eukaryotic stem–loops are histone mRNA
3'UTR stem–loops [52,53] that interacts with stem–loop binding
protein(s) [54–57] (SLBPs), the transferrin receptor (TfR) that at the
3'UTR contains stem–loop structures (the iron-responsive elements,
IREs) that interact with IRE-binding proteins [58], and the 3'UTR of
several mitochondrial transcripts in yeast [30,59] that are responsible
for localization of these mRNAs to the vicinity of mitochondria.
Interestingly, it was shown [31] that the 3'UTR of the ATP2 mRNA
(yeast β-subunit F1-ATPase) is able to form a 100-nt long stem–loop
(as was also predicted by the mfold program) in the region which is
important for the ATP2 localization to the mitochondria vicinity.
However, as indicated above, we were unable to ﬁnd any signiﬁcant
similarity within the 3'UTR of the β-subunit F1 ATPase between yeast
species and higher eukaryotes, so the nature and possible functional
role of the stem–loop structure formations (or lack thereof) is
obviously different in different species for this particular transcript.
Shalgi et al. analyzed various motifs in the 3'UTRs of yeast
mitochondrial-targeted proteins [60], including localization-regulat-
ing sequences. However, none of these sequences exist in the 3'UTR of
the mouse β-subunit F1-ATPase mRNA. The closest to the TGTAHATA
motif suggested in [60] was a AGTATATA sequence found immediately
after the polyadenylation signal but it was not conserved between
species, and therefore unlikely to be relevant.
The stem–loop structure suggested here as potentially being
present in the 3'UTR of the β-subunit F1-ATPase constitutes a
signiﬁcant addition to the increasing evidence for the formation of
secondary structures in mRNAs. To our knowledge, it is the ﬁrst stem–
loop discussedwithin themRNAs coding for proteins directly involved
in mammalian bioenergetics. The functional role(s) of the stem–loop-
protein complexes might include regulation of the rate of the
translation, as well as controlling stability of the mRNA and of its
localization. Its identiﬁcation thus open for such studies.
5. Conclusion
We describe here RNA–protein complexes between β-subunit F1-
ATPase 3'UTR and proteins present in a cytoplasmic extract of mouse
brain. This study prefaces further investigations, both concerning the
RNA and the protein components of the complexes. Concerning the
RNA component, further mutational studies will enable distinction
between the structure as such and e.g. the number and nature of the
nucleotides in the loop and allow for establishing that the region really
corresponds to a stem–loop structure in-vivo. Concerning the protein
component, further studies would identify the presence or absence of
complex formation in different tissues and the developmental pattern
of complex formation. Isolation of the protein(s) involved are further
possibilities, as is identiﬁcation of the functional role(s) of the complex
in e.g. mRNA translation, stability or localization control.Acknowledgements
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